Introduction {#Sec1}
============

As technology develops, public demand for fabrics has surpassed fundamental requirements to include both style and function. Therefore, multifunctional, compound woven products have attracted attention \[[@CR1]\]. One example is stain-resistant functional textiles. Woven products are often stained; if dark and light fabrics are washed together, the light-colored fabric is stained. At present, stain-resistance engineering primarily modifies the fibers or finishes and processes fabrics functionally. The addition of stain-resistant products to fabric washing is seldom performed; thus, the development of functional finishing and processing agents is urgently required \[[@CR2], [@CR3]\].

Polyethylene glycol (PEG; molecular formula H--(O--CH~2~--CH~2~)~n~--OH) consists of a linear chain structure composed of repeating ethylene oxide groups possessing a hydroxyl group at both ends. PEG is a glycol non-ionic agent in which the oxygen atoms are hydrophilic, while the --CH~2~--CH~2~-- groups display lipophilicity. The amphipathic copolymers with PEG can form spontaneous supermolecules in solvents. Polyethylene glycol covers the hydrophobic core as a hydrophilic chain; thus, PEG is soluble in water and most organic solvents \[[@CR4]--[@CR6]\]. PEG displays many beneficial physical and biological properties, including hydrophilicity, dissolubility, non-toxicity, and non-immunogenicity. Additionally, PEG does not cause rejection reactions and has been approved by the US FDA to be used in drug and food products due to its excellent biocompatibility. It is widely used in the pharmaceutical industry, agriculture, food handling, biological and material sciences, and chemical engineering fields \[[@CR7]--[@CR11]\].

Vinyltriethoxysilane (VTES) is a silane containing unsaturated double bonds \[[@CR12]\]. VTES dissolves in alcohol, ethers, and benzene but is insoluble in water. VTES hydrolyzes in water and gradually polymerizes into macromolecules, thus resulting in a viscosity increase. The molecular structure of VTES contains an --OC~2~H~5~ reactive group that can combine with inorganic materials, such as glass, cement, and metals, and a --CH=CH~2~ reactive group that can combine with organic materials, such as synthetic resins. VTES can also couple the two material interfaces, improving the performance of composite materials by increasing their bonding strength \[[@CR13]\]. Olefin homo- or copolymers can be cross-linked with VTES \[[@CR13], [@CR14]\], including low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polyvinyl chloride (PVC), chlorinated polyethylene (CPE), ethylene propylene rubber (EPR), ethylene vinyl acetate (EVA), and other ethylene copolymers. The copolymers and VTES are cross-linked via hydrolysis and condensation reactions with alkoxy groups, which greatly increase the impact strength, heat resistance, chemical resistance, creep resistance, wear resistance, and adhesive properties of the copolymers.

An extensive number of anti-stain studies have been performed, primarily modifying fibers or producing functional finishing and processing of fabrics, while adding anti-stain products into the fabric washing is rarely considered. In this study, we used PEG and VTES in different proportions to produce a series of PEG-VTES copolymers and assessed their interfacial properties and their effects on the stain resistance of cotton fabrics.

Methods {#Sec2}
=======

Materials {#Sec3}
---------

Polyethylene glycol (PEG, MW 400), vinyltriethoxysilane (97%, VTES) (Acros Organics), and ceric ammonium nitrate (CAN) (Acros Organics) were obtained from Hayashi Pure Chemical Ind.

C.I. Direct Blue 146, Direct yellow 86, and Direct red 79, shown below in that order in formulas [1](#Sch1){ref-type="fig"}, [2](#Sch2){ref-type="fig"} and [3](#Sch3){ref-type="fig"} were purchased from Everlight Chemical Industrial Corp.Formula 1C.I. Direct *Blue* 146Formula 2C.I. Direct *Yellow* 86Formula 3C.I. Direct *Red* 79

Dyeing of Cotton Fabric {#Sec4}
-----------------------

C.I. Direct Blue 146, C.I. Direct Yellow 86, and C.I. Direct Red 79 were used for dyeing the cotton cloth. The dye (2% o.w.f. NaCl, 1 g/L) was added so that the bath ratio was 1:30, and the bath was maintained at 90 °C for 30 min, acording to scheme [1](#Sch4){ref-type="fig"}.Scheme 1Temperature programming for the dyeing process

PEG/VTES Copolymer Preparation {#Sec5}
------------------------------

For the PEG/VTES copolymer preparation, PEG 400 was added to a 250-mL reaction flask having four necks, a stirring rod, and a thermometer. VTES was added dropwise into the solution using a funnel. The solution was then stirred at ambient temperature for 30 min, and 0.5 g of ammonium ceric nitrate was added. The temperature of the solution was then increased to 60 °C for 6 h. The PEG/VTES product proportions indicated as PVxx are shown in Table [1](#Tab1){ref-type="table"}.Table 1Code description of the investigated copolymersPEG:VTES (mole ratio)Code2:1PV331:1PV501:2PV67

Anti-Stain Tests \[[@CR15]\] {#Sec6}
----------------------------

### Test for Dye Stain Resistance {#Sec7}

Three kinds of cotton fabrics, each of which had been stained with C.I. Direct Blue 146, C.I. Direct Yellow 86, and C.I. Direct Red 79, were divided into two tubs. Both tubs contained dyed and white fabric, while one was supplemented with different concentrations of the copolymer solutions. These fabrics were allowed to stain at 60 °C for 30 min. The fabrics were then dried prior to anti-stain tests using a color-difference tester.

### Test for Bamboo Charcoal Stain Resistance {#Sec8}

Bamboo charcoal powder (10 g/L) was added to a steel cup containing white and sample fabrics and an appropriate amount of copolymer. Bamboo charcoal staining then proceeded at 60 °C for 30 min, and the fabric was dried prior to testing whiteness value.

### Assay Determination and Methods {#Sec9}

The Fourier transform infrared/attenuated total reflection (FTIR/ATR) spectra of the finished fabrics were recorded with a Bio-Rad Digilab FTS-200 spectrometer using a MCT detector. A diamond crystal was used as an internal reflectance element. Single beam spectra were the result of 64 averaged scans. The spectral resolution was 4 cm^−1^. Surface tension was determined using a surface tension measurement instrument (Kyowa CBVP-A3 surface tensiometer).

### Measurement of the Contact Angle {#Sec10}

A 1% sample solution was prepared. A static contact-angle survey meter (KSV Instrument CAM100) was used for testing. A microscope slide or a piece of fabric was placed onto the specimen platform, the sample solution was added by an injection syringe, and the liquid level was controlled at approximately 20 mm. The solution was added dropwise to the fabric, and the data were recorded after 1 min. This procedure was repeated four times, and the mean values were determined.

### Foaming Properties {#Sec11}

The Ross and Miles method was used for measurements \[[@CR16], [@CR17]\], and 200 mL of test solution was poured into a graduated tube containing 50 mL of test solution at the same concentration through a pore with an inside diameter of 2.9 mm from a height of 90 cm. The foam height after dropping was compared with that after 5 min, which gave the foaming height and stable foam height, respectively.

### Color-Difference Measurement {#Sec12}

The HUNTERLA color-difference meter was used for testing. Each sample cloth was tested five times in different positions, and the mean values were recorded.

Results and Discussion {#Sec13}
======================

Measurement of Basic Properties {#Sec14}
-------------------------------

### FT-IR Analysis of the Copolymers {#Sec15}

Figure [1](#Fig1){ref-type="fig"} shows the FTIR spectra of the copolymers, PEG and VTES. Figures [1](#Fig1){ref-type="fig"}B, C, D, and E represent PEG, PV33, PV50, PV67, and VTES, respectively. As shown in Fig. [1](#Fig1){ref-type="fig"}A, the PEG characteristic absorption peaks were 1296 and 1249 cm^−1^, corresponding to --C--O--C--, and 1,103 and 945 cm^−1^, corresponding to --C--O-- \[[@CR18]--[@CR20]\]. From Fig. [1](#Fig1){ref-type="fig"}E, the VTES characteristic absorption peaks were 1,101 and 775 cm^−1^, corresponding to --Si--O--R--, 956 cm^−1^, corresponding to --Si--OEt, and 1,292 cm^−1^, corresponding to --Si--C-- \[[@CR21], [@CR22]\]. Figure [1](#Fig1){ref-type="fig"}D displays the PEG and VTES characteristic absorption peaks. Because PEG and VTES produced ether bonds, a wider absorption band at 1,105 cm^−1^ was evident, the --Si--C-- absorption peak at 1,292 cm^−1^ shifted to 1298 cm^−1^, and the --C--O--C peak at 1,249 cm^−1^ shifted to 1255 cm^−1^. Figures [1](#Fig1){ref-type="fig"}B, C, and D show the FTIR spectra of PV33, PV50, and PV67, respectively. Increasing doses of VTES led to more obvious hydrolytic condensation. The characteristic --Si--O--R-- absorption peak at 1,091--1,105 cm^−1^ broadened with increasing doses of VTES. The --Si--O--R-- absorption peak at 765 cm^−1^ also became more significant.Fig. 1IR spectra of the PEG, VTES, and copolymers. (*A*) PEG, (*B*) PV33, (*C*) PV50, (*D*) PV67, (*E*) VTES

### Interfacial Properties of the PEG/VTES Copolymers {#Sec16}

The surface tension of pure water at 25 °C was approximately 72.4 mN/m. When the surfactant was added, the surface tension of the solution gradually decreased as the surfactant concentration increased. When the concentration of the surfactant was greater than the critical supermolecule concentration, the surface tension of the water remained constant. Figure [2](#Fig2){ref-type="fig"} shows the surface tension of a series of PEG/VTES copolymers. The order of ability of the copolymers to reduce surface tension was PV67 \> PV50 \> PV33. The ability of the copolymers to reduce surface tension improved as the VTES content, and thus the hydrophobic group content, increased. As the number of hydrophobic groups increased, the copolymer became less soluble in water and was more likely to move towards the water surface to form an adsorption film. Therefore, PV67, with the longest hydrophobic group carbochain, displayed the best performance in the reduction of surface tension \[[@CR23]\].Fig. 2Surface tension of the PEG/VTES copolymers

The critical micelle concentration (CMC) value of the surfactant solution is related to the free energy change when forming supermolecules, as expressed below:$$\documentclass[12pt]{minimal}
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The CMC values of the copolymers are shown in Fig. [2](#Fig2){ref-type="fig"}. The values were substituted into the above equations to obtain the ∆*G*~mic~ of the product (Table [2](#Tab2){ref-type="table"}). The CMC values of the products decreased as the hydrophobic chain length increased. A smaller ∆*G*~mic~ indicates that supermolecules are more likely to be formed. PV67 displayed the minimum CMC value, indicating that it is the most likely to form supermolecules, while the converse is true for PV33, which displayed the maximum CMC value.Table 2CMC values and ∆*G*~mic~ free energy of the PEG/VTES copolymersProductLog CMC × 10^2^∆*G*~mic~ (cal/mol)PV3319.70−2074.59PV505.90−2259.62PV675.12−2270.03

### Wettability of PEG/VTES Copolymers {#Sec17}

A surfactant displays the ability to reduce the liquid surface tension and surface free energy, meaning it induces humidification. The wettability of the liquid or solution to a solid surface can be determined by the size of the contact angle. In this study we used glass and cotton cloth as the objects to be wetted and tested the contact angles of a series of products. As shown in Table [3](#Tab3){ref-type="table"}, the contact angles of the products were significantly lower than the contact angle of pure water. The addition of products could reduce the surface tension of the water solution and enable the reduction in the solid surface free energy, increasing the wettability of the water solution and allowing the water to wet the cotton cloth and glass. The contact angles of the products were in the order of H~2~O \> PV33 \> PV50 \> PV67. PV67 possessed the smallest contact angle and performed better in reducing the liquid surface tension and surface free energy, meaning it had a suitable wetting effect. As the number of hydrophobic group carbochains increased, the hydrophobicity of the products increased, the ability to reduce surface tension was enhanced, the surface tension values decreased, the solid surface free energy decreased, and the wetting affinity increased. As a result, the product was more likely to permeate and spread; thus, the measured contact angle increased as the number of hydrophobic group carbochains increased.Table 3Contact angle of the PEG/VTES copolymersProductsContact angle (°)GlassCottonH~2~O62.20116.75PV3360.20101.43PV5051.3383.50PV6745.3331.67

### Foamability of the PEG/VTES Copolymer {#Sec18}

For the solution containing surfactant, foam was produced as the hydrophobic group of the surfactant faced the interior of the bubbles, while the hydrophilic group faced the adsorption film of the solution phase that forms an elastic fluid film. As shown in Table [4](#Tab4){ref-type="table"}, the foaming value of the products was 0 cm. Compared with general surfactants, the products displayed lower foamability and foam stability. This was because the products possessed a strong ability to reduce surface tension. Therefore, they were probably adsorbed to the foam surface, with the strength of the new liquid film being low. The hydrophilic and hydrophobic groups in the product structure were disordered and unlikely to be regularly arranged around the bubbles. Therefore, the product was unlikely to form a stable elastic film at the interface because the bubbles broke rapidly after generation, and the products did not foam \[[@CR24]\].Table 4Foaming properties of the PEG/VTES copolymersCopolymersMax. height (cm)Stable foam height (cm)PV3300PV5000PV6700

### Application of PEG/VTES Copolymers to Anti-staining {#Sec19}

The *K*/*S* value is commonly used to measure the body surface color depth. The color strength, *K*/*S*, of the resultant dyeing was measured at the wave length of maximum absorbance with an automatic filter spectrophotometer and calculated with the Kubelka--Munk equation \[[@CR25]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \frac{K}{S} = \frac{{1 - R^{2} }}{2R} $$\end{document}$$where *K* is the absorption coefficient, *S* is the scattering coefficient, *R* is the reflectance of the dyed samples. A larger *K*/*S* value indicates a deeper color of the solid sample surface and a higher coloring matter concentration \[[@CR26], [@CR27]\]. The effect of copolymer addition to the concentration of the *K*/*S* value of an anti-stain-processed original white cloth is shown in Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, and [5](#Fig5){ref-type="fig"}. The *K*/*S* values of calico stained with blue, red, and yellow dyes were 0.3936, 0.8525, and 1.4895, respectively. Figure [3](#Fig3){ref-type="fig"} shows that when PV33, PV50, and PV67 were added to the washings, the *K*/*S* values of calico decreased. When the polymer concentration was 0.5%, PV33 reduced the *K*/*S* value of calico to 0.3125, while PV50 and PV67 reduced it to 0.3306 and 0.3508, respectively. When the polymer concentration was increased to 1%, PV33 reduced the *K*/*S* value of calico to 0.2544, while PV50 and PV67 reduced it to 0.2693 and 0.2989, respectively. When the polymer concentration increased to 3%, PV33 reduced the *K*/*S* value of calico to 0.1549, while PV50 and PV67 reduced it to 0.1640 and 0.1740, respectively. When the polymer concentration was increased to 5%, the *K*/*S* of calico did not decrease markedly; the *K*/*S* values of PV33, PV50, and PV67 were 0.1450, 0.1480, and 0.1514, respectively. This phenomenon is shown in Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}. When the copolymers were added, the calico was resistant to staining as the dye wore off or dissolved from the colored goods in the presence of the copolymers. Therefore, a higher copolymer concentration indicates a lower *K*/*S* value and improved stain resistance. When the copolymers collided with the dye molecules, the polymers and the --OH bonds of the dye structure formed hydrogen bonds, resulting in absorption and molecule enlargement. This improved stain resistance by inhibiting dye molecules from entering the fibers for dyeing. When the polymer molecules were added to the washings, the hydrophobic groups of the molecules were adsorbed into the dyes, and the hydrophilic groups arranged towards the water phase so that the dyes formed a dispersion system in water \[[@CR28]\]. Therefore, when the hydrophobic group is longer, the dispersion or solubilization effect improves, and the adsorption effect decreases. Based on a comparison among PV33, PV50, and PV67, PV33 displayed the most favorable anti-stain effect, while the PV50 and PV67 products displayed the lowest effect. Because PV67 contains a higher level of VTES, and thus hydrophobic groups, its adsorption effect was lower than that of PV33 and PV50.Fig. 3Effect of the copolymer concentration on the *K*/*S* value of the stained fabrics (with *Blue* 146 dyeing)Fig. 4Effect of the copolymer concentration on the *K*/*S* value of the stained fabrics (with *Red* 79 dyeing)Fig. 5Effect of the copolymer concentration on the *K*/*S* value of the stained fabrics (with *Yellow* 86 dyeing)

Figure [6](#Fig6){ref-type="fig"} shows the effects of copolymer addition on the whiteness value of anti-bamboo charcoal-stain-processed calico. When 0.5% PV33, PV50, and PV67 were added to the washings, the whiteness values of the calico increased. The bamboo charcoal stain resistance improved as the addition of PV33 increased but decreased following the addition of PV50 and PV67. The addition of the copolymers made the calico resistant to the bamboo charcoal stain; the bamboo charcoal was added with the copolymers and adsorbed. The stain resistance decreased as the addition of PV50 and PV67 increased because a larger number of hydrophobic groups formed a greater number of supermolecules that solubilized or dispersed the bamboo charcoal, making it likely to enter the fiber for dyeing. A comparison of PV33, PV50, and PV67, revealed that PV33 displayed the best bamboo charcoal stain resistance, followed by PV50, while PV67 displayed the lowest performance.Fig. 6Effect of the copolymer concentration on the whiteness of the stained fabrics (with bamboo charcoal powder)

Conclusions {#Sec20}
===========

In this study, we used PEG and VTES in different proportions to produce a series of PEG--VTES copolymers and assessed their interfacial properties and their effects on the stain resistance of cotton fabric. PEG/VTES copolymers were able to reduce water solution surface tension, with PV67 being the most efficient. The measured contact angles of the PEG/VTES copolymer water solutions were smaller than those of pure water, the wettability was good, and the copolymer solution did not foam. Thus, for practical applications, PEG/VTES copolymers confer stain resistance to cotton fabrics with PV33 displaying the most favorable stain resistance.
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